Machine components of industrial products are often produced by press cutting. However, the mechanism of cutting (ductile fracture of metals) is not perfectly understood. In order to clarify this mechanism, cutting processes were observed by an ultrahigh-speed camera. The ultrahigh-speed camera is capable of recording maximum record rate 1,000,000 frames per second (preserved images102 frames); each frame has 80,000 pixels. Therefore, this ultrahigh-speed camera is currently the world's most advanced camera in terms of spatial and time resolutions. A detailed movie of the cutting process was recorded. The details of the cutting process include the crack length versus time, crack tip opening angle, and fracture path. The crack tip opening angles were evaluated approximately 0.1 mm behind the tip of the propagating crack. The CTOA criterion was found to be almost valid during the cutting process. Furthermore, in order to use the image correlation method, random patterns were generated by spraying paint onto the metal sections. Images of a specimen section were taken after punching the sheet metal. The distributions of displacements were evaluated by the digital image correlation method. We found smoothly cut sections and rough surfaces. A smoothly cut section is very important for industrial products. In this study, the optimal speed of punching and punch-die clearances were examined. The ductile fracture criterion determined in this study is extremely useful for fabricating machine components by press cutting because it can be used for simulations without the need for a cutting system. The data of the image correlation method can be used for an intelligent hybrid method that can provide very accurate strain and stress distributions and fracture parameters such as the T* integral, which is the most promising fracture parameter for assessing the quality of metallic materials.
Introduction
Press cutting is used for manufacturing industrial products. However, press cutting causes smooth-sheared failure phenomena in mode II. There is an indefinite part, and it is necessary to observe the smooth-sheared failure phenomenon in detail for the fabrication of good products (i.e., with few plastic deformations and burrs). Plastic deformations and burrs can be reduced to improve the quality of the product. In this study, the smooth-sheared failure phenomenon in press cutting of sheet metal was observed at ultrahigh speed by an image correlation program the displacement distribution in the smooth-sheared failure part was measured. We used the image of the specimen section obtained by the ultrahigh-speed camera. To measure the physical parameter that causes the deformation of the structure, various measurement methods have been proposed and applied. Full-field measurement methods are used to evaluate the deformation fields on material surfaces. One is the digital image correlation method (DIC) [1] ~ [4] . Images of random and speckle patterns are used in DIC. One of the advantages of DIC is that a regular grid needs not to be placed on the surface of the measured object. Experiments conducted using this method are very easy as compared to those using the CGS [5] (Coherent Gradient Sensing) method and moiré interferometry. A drawback is that a random pattern is used on the material surface because the size of the feature pattern in the image cannot be controlled. As a result, it is difficult to adjust the measurement accuracy.
Digital Image Correlation method

Outline of digital image correlation method
DIC is used to find points in a pattern in two or more images. In this study, the method was applied to an image before and after deformation. Many forms of digital image have been proposed. A grey-scale image consists of pixels expressed in 256 density steps. DIC uses the density data in the image. First, before deformation, the method selects a small area (subset) centered on an arbitrary point. Similarly, after deformation, another subset is selected on the arbitrary point. If the subsets look similar, the points can be identified by their movement. The degree of similarity in the subset is calculated. DIC calculates the corresponding point.
Digital image correlation method in this study
In this study, DIC was applied to the image obtained from the press cutting process. The luminance distributions of the image before and after deformation were compared. The displacement of the material was evaluated by measuring the corresponding point. In this study, we used the evaluation method for the following correlation value, S. This evaluation method of the correlation value determines the sum total of the absolute values for the difference in the brightness of corresponding pixels in the subset before and after deformation. In the search window, the method determines the subset for which the sum total value is minimum. The center pixel of the subset was determined as the corresponding point. This operation was done for the entire image, and the displacement of the material was measured. In this study, the subset and window were fixed at 21 × 21 and 81 × 81 pixels, respectively.
Sub-pixel search of digital image correlation method
Outline of sub-pixel search method
By using the coordinates of the corresponding points obtained by the method described in section 2, the stepwise displacement distribution of each pixel was obtained as shown in Fig.  3-1 . The actual size of this image is 3.46 mm × 3.46 mm, and the resolution is 256 × 256 pixels. Therefore, the length of one pixel corresponds to 0.0135 mm (13.5 µm). Although the size of the pixel changes with the viewing conditions, the observation of infinitesimal deformations is limited by the measurement of each pixel. Therefore, measurements of less than 1 pixel are needed. In this study, we used brightness distribution interpolation as a search method for corresponding points smaller than 1 pixel. To obtain the smooth distribution shown in Fig. 3-2 , displacement in the sub-pixel was measured.
Measurement by brightness distribution interpolation
In this study, we used the sub-pixel search method to interpolate the luminance distribution of the image before and after deformation. We applied DIC to the luminance distribution. The interpolation of the luminance distribution was used to calculate the polynomial approximation of the radiance value within the arbitrary area centered on the corresponding point. The brightness distribution value within the arbitrary area centered on the pixel of the requested coordinates was used for interpolating the luminance distribution. The following polynomial was used to approximate the distribution:
{L} T is a polynomial vector. {C} is an unknown coefficient vector.ξ and η are the nature coordinate systems in the brightness interpolation window that become ±1 as the origin for the brightness interpolation window center. m is a complete polynomial of ξ and η. It is shown by the collective vector form {I u ′} of each pixel in the brightness interpolation window as follows.
Here, N = n × n defines the pixel number in the brightness interpolation window. The expression that decides {C} to minimize square I of the difference between {I u ′} and {I u } is as follows. {C} is determined using (3-4) . The radiance value distribution in the interpolation window and values of less than 1 pixel can be obtained. In this study, the accuracy for values of less than 1 pixel was calculated to be 0.01 pixels. 
Experiment
Experiment method
In this study, we performed a simple experiment to examine a concept. We examined the press cutting of sheet metal. A metallic specimen of Young's modulus 195GPa, Poisson's ratio 0.3, yield strength 400MPa, and tensile strength 520MPa was used in this experiment. The structure of the specimen used in the experiment is shown in Fig. 4 . We used a fatigue testing machine for the load-bearing equipment. The rate of displacement was set at 40 mm/s. The ultrahigh-speed camera was used to record an image of the specimen. Only one side of the punch was expanded and its images were recorded because of the symmetry shown in Fig.5 . To record images more easily, the luster on the metal surface was decreased by using electro polishing for surface treatment. In the experiment, a jig was used to fix the steel board so that the specimen could not move. The ultrahigh-speed camera was synchronized with the data logger by a laser trigger. The load in each image is plotted along the time axis. Moreover, to easily confirm the crack easily, an initial strain of 1.6 × 10 -3 (about 300 MPa) was induced by applying heat to the specimen. This strain was applied in the elastic zone. [Displacement]
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Results
Photographic image
Figs. 6 show the images taken every 8 ms. The load of each image was obtained from the fatigue testing machine synchronized with the data logger and is shown each image. A crack occurred at 37 ms according to the images obtained from the ultrahigh-speed camera. Fracture occurred at 48 ms although the load was hung at fracture. This is described in section 5.3. Places where displacement appeared continuously and discontinuously as compared to the displacement distribution on the smooth-sheared surface were observed. The crack was assumed to be located where displacements appeared to be discontinuous. A fairly large amount of noise is observed in 47ms because displacement was too large. Fig. 8 and Table 1 show the loading history and conditions of the fatigue testing machine synchronized with the data logger. Fracture occurred in a 63ms span from -15 to 48 ms. Moreover, the load hung from 48 to 59 ms. The pressed specimen became narrow between the jig, and the punch pushed the specimen. The load was released at 59 ms. The approximation function of the punch displacement history was evaluated, and the punch speed was found to be 34.46 mm/s. (Fig. 9) .
Loading history
Similarly, the approximation function of the crack growth history was evaluated, and the crack speed was found to be 72.21 mm/s. (Fig. 10) . Table 1 CTOA [6] was evaluated from the obtained image. The opening angle was examined from the crack tip point at 0.1 mm. The results are shown in Fig.11 and Table 2 .
Concluding Remarks
In this study, an initial strain was applied and sheet metal was examined after press cutting. Images were recorded using an ultrahigh-speed camera, and the loading history was measured. The DIC program was successfully used to obtain the displacement. The presence of a crack was confirmed from the displacement distribution obtained by DIC. The incremental movement of the crack was understood from the images obtained from the ultrahigh-speed camera. The crack speed was estimated. The growth direction of the crack was also determined. The crack speed was twice the punch speed. In the CTOA evaluation, the crack progressed by about 11° on average. Moreover, the maximum error was about 12% and was almost constant. It was reported that constant CTOA can be seen at stable fracture phenomena in previous researches. Constant value of CTOA is also confirmed in our experiment. For future tasks, DIC and the finite element method may be combined as a hybrid method to obtain the stress and strain. 
